Introduction {#S0001}
============

The local immune infiltration in colorectal cancer (CRC) impacts the clinical course of the disease. ^[1](#CIT0001)--[3](#CIT0003)^ While the vast majority of research still focuses on the tumor microenvironment in primary colorectal cancer,^[4](#CIT0004),[5](#CIT0005)^ the role of infiltrating immune cells is also clear for metastases of CRC.^[6](#CIT0006),[7](#CIT0007)^ The composition of the different immune cells and their corresponding cytokines and chemokines shape the local microenvironment and the subsequent clinical course.^[8](#CIT0008)--[11](#CIT0011)^ The detailed analysis of the microenvironment revealed a plethora of modulating regulatory networks with intricate connections between the innate and the adaptive arm of the immune system.^[12](#CIT0012)^

While surgical interventions in synergy with chemotherapy have improved the outcome for patients with a more limited disease, the situation for patients with advanced metastatic and non-resectable colorectal cancer is practically unchanged. Immunotherapy heralds new therapeutic options, but so far success has mainly been limited to CRC patients with microsatellite-instable tumors.^[13](#CIT0013),[14](#CIT0014)^ In this setting, the analysis of the CCL5-CCR5 axis in metastatic colorectal cancer recently revealed a new therapeutic option: macrophage repolarization therapy.^[15](#CIT0015)^

Also known as CD195, CCR5 (C-C motif chemokine receptor 5) is a β-chemokine receptor with seven transmembrane segments, the eighth containing an alpha-helix parallel to the plasma membrane and additionally with two disulfide bonds and palmitoylated cysteines.^[16](#CIT0016)^ CCR5 is expressed by T cells, monocytes, dendritic cells and epithelial cells in response to inflammatory stimuli such as LPS. Its cognate ligands include CCL3 (C-C motif chemokine ligand 3), CCL4 and CCL5, which mediate potent chemotaxis functions. Because it was observed by Lusso and Gallo that these exact three chemokines were able to inhibit infection by macrophage-tropic HIV-1 strains,^[17](#CIT0017)^ CCR5 was identified as one main co-receptor for HIV entry.^[18](#CIT0018),[19](#CIT0019)^ CCR5 blockade has therefore mostly been studied in retrovirology and the CCR5 small molecule inhibitor Maraviroc has been approved and is vastly used in the clinics for highly active antiretroviral therapy (HAART) in AIDS patients.^[20](#CIT0020)--[22](#CIT0022)^ An important variant of CCR5 exists: the ∆32-CCR5 variant, which does not contain the extracellular domains for signaling^[23](#CIT0023)^ and confers protection from HIV infection.^[24](#CIT0024)^

So far, no relationship between the (homozygous) presence of allele encoding the non-functional ∆32-CCR5 variant and the occurrence of cancer could be confirmed in a large meta-analysis.^[25](#CIT0025)^ However, data indicating potential tumor-supportive effects of CCR5 have appeared recently. These include the enhancement of the invasive properties of pancreatic,^[26](#CIT0026)^ glioma^[27](#CIT0027)^ or basal breast^[28](#CIT0028)^ cancer cells in vitro, the promotion of tumor cell proliferation^[15](#CIT0015),[29](#CIT0029)^ or the support of tumor growth and metastasis formation in xenografts models of colorectal^[30](#CIT0030)^ or gastric cancer.^[31](#CIT0031)^ Data from immunohistological analyses in primary CRC have indicated a relationship between stage and the CCR5 expression on tumor cells.^[32](#CIT0032)^ In our previous study, we observed that inhibition of CCR5 in colorectal cancer liver metastases leads to the activation of an antiviral program in tumor-associated macrophages, followed by selective tumor cell death and improved responses in combination with chemotherapy.^[15](#CIT0015)^

To better understand the expression and possible effects of CCL5-CCR5 in colorectal cancer, we analyzed the relationships between the observed patterns of CCR5 expression, CCR5 genomic status, and clinic-pathological features as well as immune landscape, utilizing different local cohorts of archived cryopreserved or FFPE tissue specimens of liver lesions from metastatic CRC patients as well as publically available gene expression datasets.

Material and methods {#S0002}
====================

Patient material {#S0002-S2001}
----------------

Our total patient dataset originates from five different local cohorts: the MARACON cohort (*n* = 14 biopsies), HIPO34 (*n* = 20), Heilbronn (*n* = 30), Heidelberg HLM explants (*n* = 34) and Heidelberg primary tumors (*n* = 34). A summary of available data for each cohort is provided in Supplemental Table 1.

Samples were obtained from the Institute of Pathology and the Department of Surgery at the University of Heidelberg. All material was obtained after approval by the medical ethics committee of the University of Heidelberg (207--2005), written consent was obtained from all patients prior to analysis. Histopathologic and clinical findings were scored according to the Union for International Cancer Control (UICC)-TNM staging system.

Analyses of CCR5 status were performed on the samples from the MARACON trial (see hereafter), prior to the first dose of Maraviroc (*n* = 14). Additionally, the cohort for the analysis of ∆32-CCR5 expression was expanded with *n* = 20 metastatic lesion specimens from the HIPO-34 cohort, *i.e*. patients who underwent tumor resection between 2004 and 2009 at the Department of General, Visceral, and Transplantation Surgery, University of Heidelberg. Tissue collection was approved by the Ethics Committee of the University of Heidelberg (independent of the MARACON trial). A written informed consent was obtained preoperatively from all patients for (a) the tissue sampling and (b) the planned analyses. See supplemental Table 1 for patient characteristics.

For details regarding the MARACON trial, see Halama et al.^[15](#CIT0015)^ Briefly, the MARACON-001 phase I trial („Treatment of Advanced Colorectal Cancer Patients with Hepatic Liver Metastases using the CCR5-Antagonist Maraviroc", clinical trials.gov identifier NCT01736813, EudraCT 2012-000861-18) involved 14 patients with late-stage colorectal cancer, who received a monotherapy consisting of daily Maraviroc, a highly selective CCR5 inhibitor, for two months. Liver metastasis biopsies were sampled before and under treatment. The material was analyzed for CCR5 expression (using immunohistochemistry), CCR5 delta 32 mutation (PCR), immune cell distribution, density and activation (with immunostainings), tumor cell death, or cytokine and chemokine patterns. Safety and feasibility were the primary endpoints of this trial.

Tumor samples in the HIPO34 cohort were typed for MSI using BAT25, BAT26, and CAT25 as described earlier^[33](#CIT0033)^ and no microsatellite instability was found. Pathological reports were available for all tissues. No sample from patients with inflammatory bowel disease was included in this analysis.

Immunohistochemistry, whole slide imaging and virtual image analysis {#S0002-S2002}
--------------------------------------------------------------------

Tissue specimens were immunohistochemically analyzed for the presence and spatial distribution of specific surface antigens: CCR5 \[MM0065-6H20\], CD163 \[EPR19518\], pan-cytokeratin (polyclonal) from Dako, CD3 \[Sp7\], CD8 \[Sp16\], CD11b \[EP1345Y\], CD68 \[KP1\], CTLA4 \[BNIS\], PD-1 \[NAT\] and FoxP3 \[236A/E7\]. For negative control for CCR5 immunostain, a mouse IgG2b, κ isotype control from BioLegend was used. Tissue sections were either prepared from formalin-fixed, paraffin-embedded (FFPE) tissue (4 µm) or from cryopreserved specimens (7 µm). Cryosections were fixed either with 4% paraformaldehyde or 33% acetone in methanol prior staining. The complete staining procedure was carried out on a BOND-Max (Leica, Germany) using Bond Polymer Refine Detection kit (for DAB) or Bond Polymer Refine Red Detection kit from Leica Biosystems.

Whole slide images were acquired using an AT2 slide scanner (Leica Germany). The density and distribution of immune cells in complete microscopic images of full tissue sections were semi-automatically analyzed using QuPath open source software for digital pathology^[34](#CIT0034)^ as previously described.^[35](#CIT0035)^

CCR5 immunostains were scored by two independent-trained observers. CCR5 stain was named patchy when CCR5-positive and -- negative cancer cells were observed in the same acini, leading to at least 10% of CCR5-negative cancer cells on the whole section. For staining intensity, 0 represented samples in which the immunoreactivity was undetectable whereas 1, 2 and 3 denoted samples with, respectively, a low, moderate and strong staining. For staining extent, 0, 1, 2 and 3 represented samples in which the immunoreactivity was detectable, respectively, in \<5%, 6--33%, 34--66% and \>67% of the tumor cells. In order to provide a global score for each case, the results obtained with the two scales were multiplied, yielding a single scale of 0, +1, +2, +3, +4, +6 or +9. All cases with divergent scoring between observers were reassessed.

PCR for identification of ∆32-CCR5 {#S0002-S2003}
----------------------------------

The procedure was performed according to the protocol described by Abdi and colleagues.^[36](#CIT0036)^ The primer sequences were 5′-TGTTTGCGTCTCTCCCAG-3 (sense) and 5′-CACAGCCCTGTGCCTCTT-3′ (anti-sense). Wild-type and mutated CCR5 were discriminated by the size of the amplicon on an agarose gel using ethidium bromide (wild-type amplicon length: 233 bp, delta 32 amplicon length: 201 bp).

Sequence data analysis {#S0002-S2004}
----------------------

Whole exome sequencing of DNA was conducted from the liver metastases and matched normal liver tissue in 20 patients (HIPO-34 cohort, supplemental Table 1). DNA was isolated from the fresh frozen tissue blocks and exon capture was performed using SureSelectXT Automation Reagent Kit and Human All Exon v5 (Agilent Technologies). Paired-end whole-exome sequencing was then performed on the HiSeq 2000 platform (Illumina) according to the manufacturer's protocol, aiming for coverage of 60x for control and 80x for tumor samples (German Cancer Research Center Core Facility). Sequencing read pairs were mapped and aligned to the 1000 genomes phase 2 reference genome hs37d5 as previously described,^[37](#CIT0037)^ using Burrows-Wheeler-Aligner (BWA) (version 0.6.2), and were processed with SAMtools (version 0.1.17) and Picard tools (version 1.61). All alignments were then visually inspected for the occurrence of the CCR5 deletion using the Integrative Genomics Viewer (IGV).^[38](#CIT0038)^

Expression profile data analysis {#S0002-S2005}
--------------------------------

Publically available datasets for gene expression in metastases from colorectal cancer (GSE17536 and GSE17537) were interrogated for the analysis of the CCR5 level's impact on overall survival. The PROGgeneV2 algorithm was used and results were computed with adjustment for stage and the median value was used as group separator. The webpage can be accessed through the following link: <http://watson.compbio.iupui.edu/chirayu/proggene/database/index.php> .

Luminex analysis {#S0002-S2006}
----------------

Multiplex cytokine quantification was performed on tissue lysates as previously described.^[15](#CIT0015)^ Briefly, sections of cryopreserved tissue were collected and lysed using the Bio-Plex cell lysis kit (Bio-Rad) and lysate concentration was adjusted to 300µg/ml. The protein concentration of soluble factors was determined using the Bio-Plex ProTM human cytokine assays, allowing the absolute measurement of 48 different soluble factors (Bio-Plex ProTM human cytokine, chemokine and growth factor assay, Bio-Rad) according to the manufacturer's instructions.

Statistical analyses {#S0002-S2007}
--------------------

Statistics were computed using GraphPad Prim 5.0 software. Univariate tests were used to compare groups two by two. For non-paired samples, unpaired T-tests or Mann Whitney tests (parametric and non-parametric, respectively) were used. Paired samples were compared using Wilcoxon matched pairs test or Student T-tests (non-parametric and parametric, respectively). Parametric tests were used in case of a normal distribution of values, as evaluated by D'Agostino and Pearson omnibus normality test. Differences were considered significant in case of a *p*-value \< 0.05 and represented as follows: \*: *p*-value \< 0.05, \*\*: *p*-value \< 0.01 and \*\*\*: *p*-value \< 0.001. For the analyses of Kaplan--Meyer curves, differences were assessed using the log rank test. For contingency table analyses, two-tailed Fisher's exact tests were used in case of a 2 × 2 comparison. Chi-square tests were used otherwise.

Results {#S0003}
=======

Patchy CCR5 expression patterns appear in liver metastases of colorectal cancer and relate to clinicopathological features {#S0003-S2001}
--------------------------------------------------------------------------------------------------------------------------

We conducted an immunohistochemistry analysis for CCR5 expression in liver lesions of metastatic colorectal cancer originating from four independent groups (from the "Maracon", "HIPO-34", "Heidelberg explants" and "Heilbronn" cohorts: for patients' characteristics, see supplemental Table 1), as well as on an additional group of primary tumor samples. In stage IV primary tumors, CCR5 positive tumor cells were found in all (luminal/mucosal and invading/peritoneal) positions with comparable intensity ([Figure 1(a](#F0001))). The semi-quantitative scoring of CCR5 immunostaining showed that CCR5 expression increases and expands during tumor growth in primary tumors, peaking in T4 tumors ([Figure 1(e](#F0001))). CCR5 protein expression was further augmented in liver lesions, in which all specimens exhibited CCR5 positive tumor cells ([Figure 1(b](#F0001))). This finding was reproduced in one lung metastatic lesion ([Figure 1(c](#F0001))).10.1080/2162402X.2019.1626193-F0001Figure 1.CCR5 expression in colorectal cancer primary tumors and metastases. Representative micro-images of CCR5 immunostaining in (a) a primary colorectal cancer specimen, in the tumor core or at the invasive margin, (b) a liver metastasis and (c) a lung metastasis of colorectal cancer. (d) Negative control immunostaining with an isotype control antibody on a liver metastasis section. (e) Results of the semi-quantitative scoring of CCR5 expression by cancer cells in primary tumors (*n* = 31) according to their size classification (T2: *n* = 3; T3: *n* = 8, T4: *n* = 20) and in liver metastases (LM, *n* = 84), illustrating the increase of CCR5 expression by cancer cells during cancer progression. Groups were compared using the two-tailed Mann Withney test. \*: *p*-value \< 0.05; \*\*\*: *p*-value \< 0.0001.

CCR5 was expressed by cancer cells (as illustrated by CCR5-cytokeratin double stains, Supplemental [Figure 1(a](#F0001)-b)) and by specific subpopulations of tumor-associated macrophages, *i.e*. CD68-positive macrophages, but neither CD11b-nor CD163-positive macrophages (Supplemental Figure 1(c-H). Finally, CCR5 was expressed by CD3^+^ and CD8^+^ tumor-infiltrating T cells (TILs) (Supplemental Figure 2).

Surprisingly, when focusing on cancer cells, we noticed that the CCR5 expression pattern in liver metastases tended to differ from what was observed in primary tumors. Indeed, there was a significant proportion of liver metastases in which the CCR5 stain was "patchy", *i.e*. at least 10% of tumor cells were negative for CCR5, in a patchwork-like configuration, with tumor cells in the very same acinus exhibiting positive and negative CCR5 stain ([Figure 2(a](#F0002)-c)). Conversely, CCR5 expression patchiness was only rarely observed in T4 primary tumors ([Figure 2(c](#F0002))).10.1080/2162402X.2019.1626193-F0002Figure 2.CCR5 expression patchiness in liver metastases of colorectal cancer. Representative micro-images and schematic representation of a patchy (a) and a non-patchy (b) CCR5 expression pattern in a liver metastasis. Black arrowheads indicate cancer cells positive for CCR5, empty arrowheads indicate negative cancer cells. Scale bar: 100 µm. (c) Contingency of tumors expressing CCR5 in a patchy or non-patchy fashion in stage IV primary tumors (PT, *n* = 15) or liver metastases (LM, *n* = 82), analyzed with a one-tailed Fisher's exact test.

In an attempt to clarify, whether there is a relationship between CCR5 expression and other parameters specifically in liver lesions, CCR5 expression patterns were analyzed for association with clinicopathological variables. The patchy CCR5 expression on tumor cells in liver metastases of CRC was not associated with age, gender, tumor grade, K-Ras mutation status or neoadjuvant chemotherapy. However, it was associated to smaller tumors at diagnostic, and showed a trend for an association with the absence of lymph node metastasis at the time of diagnosis ([Table 1](#T0001)). Finally, liver lesions originating from primary tumors that occurred in the sigmoid colon and the rectum expressed more frequently CCR5 in a patchy fashion, in contrast to liver lesions originating from a primary tumor occurring in the ascending or transverse colon ([Table 1](#T0001)).10.1080/2162402X.2019.1626193-T0001Table 1.Clinicopathological features of liver metastases in function of CCR5 expression patterns. CCR5 expression pattern  Non-patchyPatchyp-value**Age**   All three cohorts (\<65/65+)18/1312/110.7837MARACON (\<65/65+)5/12/11.000HIPO34 (\<65/65+)4/54/61.000Heilbronn (\<65/65+)9/75/41.000**Gender**   All three cohorts (male/female)18/1316/70.4115MARACON (male/female)4/22/21.000HIPO34 (male/female)6/37/31.000Heilbronn (male/female)8/87/20.2290**Staging at diagnosis**   **T**   All three cohorts (T2/T3/T4)1/24/53/7/8**0.0139**MARACON (T2/T3/T4)0/4/30/1/11.000HIPO34 (T2/T3/T4)0/8/01/3/3**0.0443**Heilbronn (T2/T3/T4)1/13/22/3/40.0567**N**   All three cohorts (N0/N+)6/246/130.4975MARACON (N0/N+)1/50/21.0000HIPO34 (N0/N+)1/53/40.5994Heilbronn (N0/N+)2/142/70.6016**Synchronous metastases**   All three cohorts (M0/M+)10/195/140.2666MARACON (M0/M+)3/30/20.4643HIPO34 (M0/M+)3/44/40.5952Heilbronn (M0/M+)4/121/80.6206**Tumor Grade**   All three cohorts (G2/G3)16/1116/40.2025MARACON (G1/G2/G3)0/3/20/3/00.4643HIPO34 (G1/G2/G3)0/6/32/5/30.3599Heilbronn (G1/G2/G3)0/7/60/8/10.1649**Site of the primary tumor**   All groups (colon/rectum)23/611/100.0661MARACON (colon/rectum)4/13/01.000HIPO-34 (colon/rectum)6/25/40.6199Heilbronn (colon/rectum)13/33/6**0.0308Neoadjuvant chemotherapy**   Both cohorts (yes/no)17/1216/70.5635Heilbronn (yes/no)10/65/41.000Heidelberg explants (yes/no)7/611/30.2365**K-Ras status**   All two4/115/80.6891MARACON (mutated/WT)2/42/10.5238HIPO34 (mutated/WT)2/73/71.000

CCR5 patchiness relates to an unfavorable immune landscape {#S0003-S2002}
----------------------------------------------------------

Metastatic liver lesions exhibiting patchy CCR5 expression did not display a different density or distribution of CD3^+^ TILs globally: most CD3^+^ TILs accumulated at the invasive margin and poorly infiltrated the tumor core, independently of CCR5 expression pattern ([Figure 3(a](#F0003)) and supplemental Figure 3A, C, F, H). However, tumors with patchy CCR5 stains were characterized by a lesser CD8^+^ T cell accumulation ([Figure 3](#F0003)(b) and supplemental Figure 3B, D, G, I) and a higher FoxP3^+^ T cell density ([Figure 3(c](#F0003)) and supplemental Figure 3E) at the invasive margin. Moreover, these tumors were infiltrated by more PD-1^+^ and CTLA-4^+^ cells ([Figure 3(c](#F0003))). Finally, there is a (non-significant) trend towards higher infiltration of the CCR5 patchy metastases by macrophages in the tumor core (as assessed by pan-/CD68-staining and by CD163 staining for tumor-supporting macrophages) ([Figure 3(d](#F0003))). This suggests alternative polarization of tumor-associated macrophages in tumors that express patchy CCR5, which was confirmed by the observed enrichment of cytokines related to M2 polarization in corresponding tumor lysates ([Figure 3(e](#F0003))).10.1080/2162402X.2019.1626193-F0003Figure 3.Immune landscape in liver metastases according to CCR5 expression patchiness. (a-d) Density of immune cells in tumor sections with patchy (P) or non-patchy (NP) CCR5 expression in the HIPO-34 cohort (*n* = 18). Results are expressed in cell numbers per mm^2^ in three regions of interest: liver metastasis core (LM), invasive margin (IM) and adjacent liver (AL). Histograms illustrate the density in CD3^+^ and CD8^+^ TILs (A-B), CTLA-4-, PD-1- and FoxP3-expressing cells (c), as well as the CD8/FoxP3 ratio (C), CD163- and CD68-positive macrophages (d). (e) Concentration in selected cytokines in whole tissue lysates of liver metastases, in the function of CCR5 expression patchiness (*n* = 28 samples: Heidelberg explants cohort). (f) Number of viable tumor cells per mm^2^ in liver lesion biopsies obtained before and under treatment during the MARACON trial (*n* = 6). In (a-d), paired samples (ex: AL versus IM in patchy tumors) were compared with a paired T-test. Samples from independent groups (ex; LM in patchy tumors versus LM in non-patchy tumors) were compared with a Student T-test. In (e), the samples were compared using the Mann Whitney test. \*: *p*-value \< 0.05; \*\*: *p*-value \< 0.01; \*\*\*: *p*-value \< 0.001.

However, in our previously published data from the MARACON trial, where CCR5 inhibition with Maraviroc was used as a monotherapy and biopsies were obtained pre and post (or under) treatment,^[15](#CIT0015)^ the initial patchiness of CCR5 expression was not related to the response to Maraviroc treatment, as measured by the magnitude of selective tumor cell death ([Figure 3(f](#F0003))).

Genetic variation of CCR5 as a natural tool to study the impact of CCR5 in human metastases {#S0003-S2003}
-------------------------------------------------------------------------------------------

With the hypothesis that an abrogation or functional reduction of the CCL5-CCR5 axis would mimic patchiness and would also be reflected in metastatic progression, the CCR5 status was analyzed in the cohort of patients from the MARACON trial and in the HIPO-34 cohort. From 31 analyzed patients, 4 (13%) were heterozygous (WT/Δ32-CCR5) and 27 (87%) had homozygous wildtype CCR5 sequence. Though the limited size of the cohort and the low frequency of Δ32-CCR5 occurrence limit the potency of this analysis, the heterozygote patients tend to have a lower frequency of synchronous metastasis compared to the wild-type patients (Supplemental Table 2).

CCL5-CCR5 expression signature predicts OS in colorectal cancer {#S0003-S2004}
---------------------------------------------------------------

We analyzed the survival data of patients from the Heilbronn cohort and observed a trend towards a shorter overall survival associated with patchy CCR5 expression in the liver lesions (Supplemental Figure 4). To further confirm this in a bigger cohort from a publically available dataset, we translated CCR5 patchiness into expression levels of CCR5 using a semi-quantitative scoring system. CCR5 patchiness was associated to a slightly lower semi-quantitative score (Supplemental Figure 4). Therefore, we approximated a patchy CCR5 stain to a lower expression level for further analyses.

Metastatic CCR5 expression data from two independent publically available datasets (GSE17536 and GSE17537, *n* = 238 in total) were analyzed. Kaplan--Meyer curves were constructed, with correction for stage and revealed a deleterious effect of high CCR5 expression (assimilated to non-patchy stain) on disease-specific survival (HR = 1.51, *p*-value = 0.0206) and disease-free survival (HR = 1.42, *p*-value = 0.0293) ([Figure 4(b](#F0004)--c)). Conversely, there was a trend towards longer overall survival in this cohort based on CCR5 expression (*p* = .246) ([Figure 4(a](#F0004))).10.1080/2162402X.2019.1626193-F0004Figure 4.Overall, relapse-free and disease-specific survival in the function of intra-CCR5 gene expression in two independent cohorts of colorectal cancer patients. (a) Overall survival in *n* = 238 patients from two publically available cohorts (GSE17536 and GSE17537) adjusted for stage clustered according to the median mRNA expression of CCR5 in liver metastases. (b-c) Relapse-free and disease-specific survival in the same cohorts.

Discussion {#S0004}
==========

Therapeutic options for patients with non-resectable metastatic CRC are limited and immunotherapy has not shown significant benefits for microsatellite stable cancers.^[13](#CIT0013)^ Therefore, either prevention of the metastatic stage or expanded therapeutic -- especially immunotherapeutic -- options, are in the focus of current research.^[39](#CIT0039)^

Our histological analysis of primary tumors showed an even distribution of CCR5 expression across the whole tissue sections, without predominance in invasive parts of the tumor, and is in accordance to previously published studies: CCR5 was expressed by cancer cells,^[40](#CIT0040),[41](#CIT0041)^ by tumor-infiltrating lymphocytes^[32](#CIT0032)^ as well as by macrophages.^[18](#CIT0018)^ We additionally illustrate that CCR5 expression levels increase during primary tumor growth and peak in liver metastases, corroborating the hypothesis that CCR5 promotes metastasis. Our findings are supported by previously published data linking heightened CCR5 gene expression and metastasis in human specimens: CCR5 mRNA expression was indeed found elevated in liver and lung metastases (*n* = 10) compared to their matched primary tumors.^[42](#CIT0042)^ Similarly, CCR5 gene expression has also been known to be enriched in human colorectal cancer specimens (*n* = 5) as compared to the non-neoplastic colon.^[32](#CIT0032)^ The CCR5 expression on immune cells and on tumor cells has been investigated *in vitro* and in animal models mainly, underlying the impact of the CCL5-CCR5 axis on the acquisition by cancer cells of enhanced metastatic properties and on metastatic formation.^[28](#CIT0028),[29](#CIT0029),[31](#CIT0031),[42](#CIT0042)--[46](#CIT0046)^ As a hypothesis, the acquired CCR5 expression in progressing primary tumors allows tumor cells to follow the gradients of the respective chemokines, mostly CCL3, CCL4, and CCL5,^[47](#CIT0047)^ and thereby contributes to the dissemination and metastatic spread.^[48](#CIT0048)^ Finally, CCR5 expression in colorectal cancer primary tumors were recently found to be associated with a shorter overall survival.^[41](#CIT0041)^

Not a single colorectal cancer liver metastasis in our hand contained only CCR5-negative tumor cells in all our analyzed samples so far. However, liver metastases exhibited patchiness in CCR5 immunostainings, *i.e*. some tumor cells did not express CCR5, leading to a patchwork-like stain, which was associated to a slightly lower semi-quantitative score of CCR5 ([Figure 2](#F0002) and Supplemental Figure 4). The mechanisms behind this phenomenon are unknown so far. The functionally inactive homozygous version of Δ32-CCR5 is present in a low number of patients (frequencies of homozygous individuals range between 1,1%^[49](#CIT0049)^ and 3% in the general Caucasian population^[50](#CIT0050),[51](#CIT0051)^) but the heterozygous situation is more likely (ranging from 10% to 20% according to studies).^[49](#CIT0049),[52](#CIT0052)^ Interestingly, heterozygous individuals only express 20--30% of the wild-type protein on their cell surface.^[51](#CIT0051)^ Nonetheless, our analysis has excluded that CCR5 patchiness might be accounted for by genetic variants of CCR5, namely the heterozygous Δ32-CCR5/wild-type situation: in the HIPO-34 cohort, for example, we identified 4/20 (20%) Δ32-CCR5/wild-type patients, but 10/20 (50%) tumors with patchy CCR5 expression.

If it appears that high CCR5 expression at the primary tumor is a poor prognosis indicator,^[41](#CIT0041)^ is this also the case on the metastatic site? In liver lesions, patchy/decreased CCR5 expression relates to a poor immune landscape characterized by an unfavorable CD8^+^/FoxP3^+^ TIL ratio, elevated CTLA4^+^, and PD1^+^ cell numbers and elevated markers of alternatively activated macrophages.

The general notion that CCR5 inhibition can dampen T cell migration is supported by its well-described function as a T cell chemokine receptor. Maraviroc is indeed used in clinical settings to diminish T cell chemotaxis after allogeneic hematopoietic stem cell transplantation in case of visceral graft-versus-host disease.^[53](#CIT0053)^ Our findings showing that patchy/decreased CCR5 expression is associated with lessened CD8^+^ T cell density specifically in the tumor microenvironment are moreover in agreement with data published by Zimmerman and collaborators, indicating an association, in primary colorectal tumors, between CCR5 expression and the infiltration of the tumor by CD8^+^ T cells.^[40](#CIT0040)^

Our data also points to an increased regulatory T cell (Treg) density in tumors with patchy/decreased CCR5 expression, demonstrated in two independent cohorts ([Figure 3(c](#F0003)) and supplemental Figure 3E). This differs from what has been illustrated in mouse models. Indeed, the blockade of CCR5 was shown to decrease the density of Tregs in the lung metastatic niche of mice following orthotopic breast cancer cell implantation,^[54](#CIT0054)^ reducing the metastatic burden. The interspecies variations and the specificities of the lung and the liver microenvironment might account for those differences.

Finally, the association that we noticed between the patchy/decreased CCR5 expression and the increased density of CTLA4^+^ and PD-1^+^ cells at the invasive margin of liver lesions has never been shown to our knowledge. This observation has led us to speculate that patients bearing patchy CCR5-expressing tumors might respond differentially to immune checkpoint blockade. The currently running Luminescence trial (NCT03274804), in which CRC patients in the metastatic stage receive Maraviroc combined with Ipilimumab and Nivolumab, might shed some light on this potential effect.

The expression patterns of CCR5 in liver lesions are also associated with a specific cytokine profile linked to macrophage polarization. Indeed, patchy/decreased CCR5 expression is associated (i) with a trend to a higher density of CD163^+^ scavenger macrophages in the liver metastasis, inside the tumor core and (ii) with a significant increase of soluble factors reminiscent of a M2/scavenger phenotype of macrophages, i.e. Eotaxin, IL-8, CCL2, IL-1β and others. This is in line with our recent data from the MARACON trial, which have indicated for the first time a tightly interwoven T cell-macrophage network that is regulated by the CCL5-CCR5 axis specifically in liver lesions of CRC. Exhausted T cell-derived CCL5 was shown to enhance tumor cell survival and proliferation and to promote tumor-supportive functions of tumor-associated macrophages in cell culture models.^[15](#CIT0015)^ Conversely, CCR5 inhibition using Maraviroc effectively polarized macrophages into ROS- and IFN-α-producing, tumor-killing macrophages. In the phase I clinical trial testing Maraviroc as a monotherapy in advanced colorectal cancer, this translated into selective necrosis of tumor cells in liver metastases.^[15](#CIT0015)^ This association between CCR5 expression at the surface of macrophages, and the activation of a M2 polarization program upon its activation is supported by other reports^[55](#CIT0055)^ and most compellingly, the functional (re-)activation of a M1 program in TAMs using Maraviroc has been shown as well by others in other tumor entities, such as non-Hodgkin lymphoma,^[56](#CIT0056)^ breast cancer^[55](#CIT0055)^ or gastric cancer (reviewed in^[57](#CIT0057)^).

Also, it needs to be pointed out that in the MARACON trial, there was no direct relationship between patchy or non-patchy expression patterns and response to CCR5 inhibition in terms of the extent of selective tumor necrosis ([Figure 2(f](#F0002))), which also seems to indicate that the Maraviroc-mediated tumor cell death in this study did not exclusively rely on CCR5 expression by cancer cells but most likely centered on macrophages. This is line with our previously published results, where Maraviroc-mediated tumor cell death was relying on the presence of functional macrophages in tissue cultures of liver metastases.^[15](#CIT0015)^

Low mRNA expression of CCR5 -- that we approximate using patchiness (supplemental Figure 4) -- is linked to a longer relapse-free survival and disease-specific survival ([Figure 4](#F0004)). Interestingly, however, this effect only appears after a certain amount of time (around 2 years) during which low CCR5-expressing metastases are associated with a poorer profile of RFS ([Figure 4](#F0004)(b-c)). Does this indicate that this is the timeframe for a CCR5-associated relapse to become visible? This timeframe of the first two years after curative resection nicely fits into the clinical observations.^[58](#CIT0058)^ But this also brings up another important aspect: do we need a trial utilizing CCR5 inhibition in the adjuvant setting^[15](#CIT0015),[42](#CIT0042)^? Can we prevent metastatic homing or at least delay the relapse and progression? Based on our data this could be considered, especially as this is reinforced by the trend towards overall survival advantage ([Figure 4](#F0004)) in patients with high CCR5 expression.

Notably, the expression of CCR5 in liver lesions, albeit altered compared to primary tumors; directly relies on the primary tumor characteristics. CCR5 patchiness is indeed associated to liver lesions originating from bigger primary tumors arising in the rectum (and the sigmoid, data not shown), but rarely in the ascending and transverse colon, for unknown reasons so far. One might speculate on the mechanisms behind this and on the role of the microbiome in CCR5 expression by cancer cells, since colorectal cancers arising in the sigmoid and rectum are characterized by a specific microbiota.^[59](#CIT0059)^

Finally, the prognosis impact of CCR5 expression in colorectal cancer diverges depending on the tumor site considered. When considering CCR5 expression in primary tumors, high expression relates to a shorter OS, shorter PFS, and DSS.^[41](#CIT0041)^ High CCR5 expression in liver lesions, on the other hand, relates to lower PFS and DSS, but to longer OS as well.

During the MARACON trial, we did not see an association of clinical response to Maraviroc with the mutational status (e.g. k-RAS status), nor did we observe relevant toxicities, even for prolonged therapy periods. This is a good basis for considering this therapeutic option. Reducing the burden of relapse in adjuvant patients has to place exceptional emphasis on possible side effects and toxicities of prolonged periods. In this light, this possibility of CCR5 inhibition in addition to oxaliplatinum-based adjuvant therapy seems to be an option to be evaluated in clinical trials.
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